At present, the assessment of developing tissue-engineered constructs is almost always carried out destructively using biochemical or histological methods to determine cell number, viability and tissue growth throughout the construct. Since many of these experiments are long, taking weeks or even months to complete, simple and readily applicable non-destructive methods of monitoring changes in cell metabolism, viability and tissue deposition within the construct would be invaluable; such methods could point out adverse responses during the early stages of culture. Here, we describe the use of microdialysis for detecting local changes in cellular metabolism within a tissue-engineered construct. Three-dimensional constructs consisting of bovine articular chondrocytes entrapped in an alginate gel were cultured in a bioreactor for two weeks. Glucose and lactate were monitored by microdialysis, as the major nutrient and metabolite, respectively. Concentration gradients within the construct were evident, with the highest lactate concentrations in the construct centre. The local lactate concentration was a measure of cellular metabolic activity, decreasing as cellular activity fell and increasing as cellular activity was stimulated. Nutrient starvation and cell death in the construct centre could be readily detected in constructs deliberately cultured under adverse conditions. The results show that probe measurements can give an early warning of inappropriate local metabolic changes. Such information during the growth of tissueengineered constructs would allow either corrective action or else an early end to an unsuccessful test.
INTRODUCTION
Tissue engineering provides a potential method for the repair of damaged or failing tissues or organs by seeding appropriate cells into a three-dimensional scaffold and culturing the resulting construct in a bioreactor under conditions which promote cell and tissue growth. At present, this approach is still in an experimental stage for virtually all tissues and organs with vigorous investigations into the role of factors such as cell source (Barry & Murphy 2004; Oakes 2004) , scaffold type and organization (Woodfield et al. 2002; Grad et al. 2003; Mao et al. 2003) , growth factor addition (Blunk et al. 2002) , and mechanical stress in promoting tissue growth (Mauck et al. 2003; Stegemann & Nerem 2003) . Currently, the assessment of a developing construct is almost always carried out destructively using biochemical or histological methods to determine cell number, viability and tissue growth throughout the construct (Obradovic et al. 2000; Martin et al. 2004) . Assessment methods using only changes in volume or shape have limited value as in many cases tissue and cell growth is uneven and occurs primarily at the construct boundary (reviewed by Martin et al. 2004) . Since many of these experiments are long, taking weeks or even months to complete (Mao et al. 2003; Freyria et al. 2004; Seidel et al. 2004) , simple and readily applicable non-destructive methods of monitoring changes in cell metabolism, viability and tissue deposition within the construct would be invaluable; such methods could point out adverse responses during the early stages of culture. At present, non-destructive monitoring throughout the construct can be achieved using technologies such as MRI (Potter et al. 2000; Williams et al. 2003) or optical methods (Xu et al. 2003) . These techniques can provide useful information on spatial variations in tissue deposition, but cannot monitor cellular activity or any biochemical parameters. Moreover, their use is limited by cost and availability. Here, we propose an alternative method of monitoring of tissue-engineered constructs using the principle of microdialysis to determine the local concentration of metabolites and tissue components in the extracellular fluid of the construct.
Microdialysis is used to collect solutes present in the extracellular fluid via an implanted microdialysis probe with a semi-permeable membrane at its tip. The probe is perfused by a buffer (perfusate) and solutes from the environment surrounding the probe diffuse through the membrane into the perfused solution. Perfusate with the solutes (dialysate) is then collected for ex situ analysis. Microdialysis has been used in vivo to monitor the local concentrations of solutes in the extracellular fluids in a number of different tissues. The first microdialysis experiments were conducted on the brain and blood plasma (Bito et al. 1966) . It has since been used to study the metabolism in numerous tissues such as brain (Jones et al. 2000) , muscles (Rosendal et al. 2005) , tendons , subcutaneous adipose tissue (Wientjes et al. 2003) , lungs (Herkner et al. 2002) , kidneys (Baicu et al. 2004 ) and liver (Nowak et al. 2003) . Microdialysis is widely used for pharmacokinetic research (Tunblad et al. 2004 ) and has also been used to monitor cell metabolites in cell culture medium (Wu et al. 2001) .
Here, we have assessed the possibility of monitoring chemical gradients within a tissue-engineered construct to determine local changes in cell metabolism. Chondrocytes were implanted in a hydrogel and cultured in a bioreactor. Changes in metabolism in response to external signals were monitored using microdialysis probes inserted into known locations within the gel; the probes enabled us to measure the changes in local levels of glucose (the main energy source) and lactate (the major metabolic product).
MATERIALS AND METHODS

Materials
Dulbecco's modified Eagle medium (DMEM) and foetal bovine serum were obtained from Gibco, Invitrogen, Paisley, UK; sodium alginate was obtained from Fluka Chemicals (Poole, UK); ascorbic acid was obtained from Wako Pure Chemicals (Osaka, Japan); CaCl 2 was obtained from BDH Laboratory Supplies (Poole, UK); all other chemicals and reagents were obtained from Sigma-Aldrich (Poole, UK figure 1a . Both the culture medium and the microdialysis probes were supplied by an 8-channel peristaltic pump Gilson Minipuls 3, Anachem (Luton, UK) which produced a pulsed flow for the microdialysis probes at 0.6-3 ml min K1 (PVC tubing, i.d. 0.25 mm) and at 30-60 ml min K1 (silicone tubing i.d. 2.06 mm) for the bioreactor. Buffer/DMEM supplying the bioreactor was not re-circulated. The bioreactor with the cellalginate construct and the probes were perfused continuously for two weeks. The perfusate was collected using a microdialysis fraction collector (Royem Scientific Ltd., Luton, UK). The collected dialysate samples were frozen and stored at K20 8C. At the end of the experiment, they were defrosted and lactate and glucose were determined by the corresponding methods described below.
The bioreactor itself, and reservoirs with buffer for the probe and buffer/DMEM for the bioreactor, were all kept in an incubator at 37 8C.
Details of the bioreactor.
A glass bioreactor was developed for forming alginate gel discs and for maintaining chondrocyte cell cultures in the alginate gel (figure 1b). This particular design of bioreactor was chosen for experimental reasons to establish solute gradients and to prove the possibility of monitoring them by microdialysis. The bioreactor had both radial and horizontal symmetries, which made the multiple choice of probe positioning easier. It consisted of two identical ground glass-discs of i.d. 20 mm with a glass mesh through which DMEM was passed to the cultured cells. Two isopore polycarbonate membranes retained the gel-cell construct and separated the alginate gel from the circulating solution. Spacers (i.d. 20 mm) of different heights (4.5 mm and 14.8 mm), with four or eight ports for positioning microdialysis probes, controlled the construct size.
Before each experiment, an appropriate number of microdialysis probes (figure 1c) was introduced into the ports with the sensor of the microdialysis membrane situated along the geometrical axis (centre) of the cylindrical spacer and fixed in position using Epoxy glue and sealed using silicone glue. The spacer with fixed microdialysis probes was then assembled with other parts of the bioreactor using clamps (not shown). For experiments with chondrocyte cultures, the bioreactor was sterilized by autoclaving.
Preparation of chondrocyte-alginate constructs.
Articular chondrocytes were isolated using collagenase digestion (Hopewell & Urban 2003) from cartilage sliced from the metacarpal-phalangeal joint of 18-24 month steers. Chondrocytes from the three joints were mixed to fill the bioreactor. The isolated cells were washed and re-suspended in DMEM supplemented with antibiotic-antimycotic solution (1% v/v). Alginate (1.2% w/v) solution was prepared in 0.9% w/v sodium chloride solution and sterilized by filtration through polyethersulphone (PES) filters pore size 0.22 mm. The cell suspension and alginate solution were mixed together to yield a final concentration 13!10 6 -16! 10 6 cell ml K1 . The mixture was injected inside the spacer (height 14.8 mmG0.1 mm) of the assembled bioreactor using a syringe so that the cells were seeded uniformly initially. The bioreactor was then perfused with 102 mM CaCl 2 for 45 min at 2 ml min K1 to crosslink the alginate (Guo et al. 1989 ). The CaCl 2 was then replaced by DMEM supplemented with an antibiotic-antimycotic solution (1% v/v), 6% v/v foetal bovine serum and 0.5% v/v ascorbic acid. The bioreactor was perfused by DMEM solution, with supplements as required, over the course of the experiments. Two microdialysis probes were introduced into the spacer before alginate polymerization. Probe perfusion rate was 0.6-0.9 ml min
K1
. Dialysate was collected in a microdialysis fraction collector over 90 min periods. At the end of the experiment, the tissue-engineered construct was removed from the bioreactor, sectioned using a razor-blade, and cell viability was assessed using Viability/Cytotoxicity kit for live and dead cells.
Characterization of the microdialysis probes.
For measurement of concentrations of low molecular weight (MW) solutes (less than 1 kDa) in alginate gels or alginate-chondrocyte constructs, autoclavable microdialysis probes of standard design (Torto et al. 1997) were used. These had a PES dialysis membrane with 15 kDa cut-off and an effective length 4 mm, outer diameter (od) 0.6 mm and a 35 mm flexible polyurethane shaft.
2.2.5. Assessment of in situ probe relative recovery and probe degradation. The dialysing properties of a microdialysis membrane are routinely expressed as its recovery for a particular solute. The recovery of the probe can be evaluated by comparing the concentration of the solute of interest in the dialysate and in the probe surroundings. The concentration of solute in the dialysate can be equal to the solute concentration in the probe surroundings, if the flow rate of perfusate equals zero. Otherwise, the concentration of the solute in the dialysate will be lower than that in the probe surroundings.
Probe recovery in our experiments was expressed as a percentage of the concentration of the solute in the probe (the dialysate) relative to that in the surrounding external solution (relative recovery). In alginate gels, it was assessed from R Z C d eq 100=C g eq ; ð2:1Þ
where C d eq was the concentration of solute (e.g. lactate or 3-methyl-D-glucose) in the dialysate after equilibration of a gel with the solute and C g eq was the equilibrium concentration of the solute in the gel.
In the experiments on cell-alginate gel tissue constructs, in situ probe relative recovery was assessed on the basis of the percentage of Phenol Red (PhR) in the dialysate after equilibration of the construct with DMEM containing PhR. It was important to monitor probe relative recovery during the experiment, since probe membrane could degrade due to fouling caused by protein deposition.
2.2.6. Analysis of dialysate: determination of PhR concentration. Phenol Red was added to the perfusing medium used and its concentration in the probe was monitored to determine the extent of membrane fouling. To determine the total concentration of PhR, the HPhR K form (yellow) in the dialysate was converted to PhR 2K (red) by adding 2 ml of 5 M NaOH to 40-50 ml of dialysate (final pH 12.5). Absorbance of the samples was read at 540 nm on a plate reader (TECAN GENios Tecan, Reading, UK).
2.2.7. Analysis of dialysate: determination of lactate and glucose. Lactate and glucose concentrations were measured by a standard enzymatic procedure (Sigma procedures no. 735 and 510, respectively; Sigma Chemical Co (Poole, UK)). Briefly, a reagent containing lactate oxidase and colourless chromogen precursors was added to the sample in a proportion sample : reagent 1 : 10. The enzymatic reaction was based on conversion of the lactic acid by oxidase to pyruvate and hydrogen peroxide, H 2 O 2 . The H 2 O 2 formed catalysed oxidative condensation of the chromogen precursors to produce a coloured dye. Absorbance was read at 620 nm and was proportional to the original lactic acid concentration. The method of glucose determination was based on conversion of glucose by glucose oxidase to gluconic acid and H 2 O 2 . Hydrogen peroxide was then converted by peroxidase to H 2 O in the presence of phenol-4-amino-phenazone. The latter accepting the electrons converted to a quinoneimine dye and its absorbance at 540 nm was proportional to the original lactic acid concentration. A sample was mixed with the reagent in proportion 1 : 10 and read after 15 min. Absorbance of each solute was calibrated against a standard curve, produced from the known concentrations of lactic acid or glucose in N-(2-hydroxyethyl)piperazine-N 0 -2-ethanesulphonic acid (HEPES) or blank medium with components presented in the sample. Absorbance was read using a plate reader (TECAN GENios Tecan, Reading, UK).
2.2.8. Measurement of the apparent diffusion coefficient in alginate gel. To determine the diffusion coefficients (D app ) of lactate and 3-methyl-glucose, the bioreactor, 14.8 mm high was constructed using the 8-port spacers (figure 1c). The ports on the spacer were positioned in a helix along the spacer vertically and the ports were spaced in the vertical direction with a distance of 1.64G 0.17 mm between them. Probes were introduced and alginate (without cells) was polymerized as described above. After gel polymerization, the CaCl 2 solution was replaced by buffer containing 25 mM HEPES, 150 mM NaCl, 1.8 mM CaCl 2 , 15 mg l K1 PhR and the tracer molecules, 10 mM lactate or 0.06 mCi ml K1 3-methylglucose. The same buffer, but with no added tracers, was used for probe perfusion. The probe perfusion rate was 3.1 ml min K1 . Dialysate was collected by a microdialysis fraction collector over 5 min time intervals. At time zero, flow on one side of the diffusion cell was stopped so that transport of tracer was from the other side only. Dialysate was collected over 27.5 h and the concentration of the solutes in it was determined by the appropriate assay.
To calculate the apparent diffusion coefficient of the solutes in a gel from measurements by microdialysis probes, eight time points from 2.4 to 5.1 h were chosen. The solute concentration at the side of the gel where flow had ceased was zero over this time. D app of lactate and 3-methyl-glucose were determined from the concentration-gradients measured at each time point (Winlove & Parker 1984) .
Measurement of the partition coefficient.
A 14.8 mm cell-free alginate gel was perfused to equilibrium with lactate and/or 3-methyl-glucose, i.e. until the concentration of solute in the dialysate monitored by all eight probes reached a maximum and constant value which characterizes the equilibration of all diffusion processes between the buffer supplied to the gel and the gel itself, and between the gel and the probe perfusate. After equilibration, the gel was removed from the bioreactor and dissolved as described by Bibby & Urban (2004) and the concentration of the solute in the gel was determined biochemically or by radio-isotope measurement as appropriate.
The partition coefficient (K ) was calculated from
where C g was the concentration of the solute in the gel on a wet weight basis, obtained from its concentration in the dissolved gel, and C s was the concentration of the solute in the bioreactor feed buffer.
Comparison of experimental and fitted curves.
Microdialysis probes were used to monitor the diffusion of lactate and 3-methyl-glucose into bioreactors using a 4 mm spacer. The probe was positioned in the centre of the spacer so that it was equidistant (2 mm) from each surface. The probe perfusion rate was 1.5 ml min K1 . Dialysate was collected by a microdialysis fraction collector with 15 min time intervals. An alginate gel, formed inside the spacer, was fed from the top and bottom by a solution containing a mixture of both lactate and radioactive glucose.
The concentration of the solutes in the gel at equilibrium was related to that in solution by:
C g eq Z C s K; ð2:3Þ
where C s was the concentration of the solutes in the feed solution and K was defined as the partition coefficient of the corresponding solute. The relative recovery was estimated from:
where C d was solute concentration in the dialysate and R was defined as the relative recovery of the probe. The ratio C g /C g eq was plotted against t i , where t i was the time required for a solute to reach the concentration C g in the middle of the gel. The solution to the diffusion equation for diffusion into a plane sheet from a constant source is (Crank 1975) :
ð2:5Þ
where l is the distance between the symmetrical plane and the surface of the gel, C 0 is the initial concentration within the region Kl!x!l where probe was situated, t is the diffusion time, x is the distance from the surface of the gel and C is the concentration at the point x at time t. C 1 was taken as the concentration of a solute on the surfaces of the gel (boundary condition, held constant) and D was an apparent diffusion coefficient defined experimentally as described in §2.2.8. If C 0 Z0, for a probe situated in the middle of the gel where xZ0, with tZt i , and CZC i Z100!C d /R at a given t i , equation (2.5) becomes The calculated curve is then plotted as C i /C 1 versus t i .
RESULTS
Measurement of solute diffusion through a cell-free alginate gel
To determine the efficiency of microdialysis probes for monitoring local metabolite concentrations in a threedimensional-construct, diffusion through an inert alginate gel (no embedded cells) was assessed for glucose as the main cell nutrient and for lactate as the main metabolic product. One surface of the gel was perfused with a glucose/lactate solution and changes in concentration throughout the gel were determined using probes implanted at known distances from the perfused surface. Figure 2a represents typical results from monitoring the diffusion of lactate through an alginate gel. Results are shown for a gel 14.8 mm deep formed in a bioreactor and implanted with eight microdialysis probes numbered consecutively with probe 8 closest to the perfused surface and probe 1 furthest from it (data from probes 1, 3, 5 and 7 is not shown for clarity). Lactate concentrations rose in all probes with increase in Monitoring of metabolite gradients O. A. Boubriak and others 641 perfusion time; an increase in lactate concentration could be detected very rapidly in probe 8, but only after 5 h in probe 2 which was 11.5 mm from the perfused surface. Concentrations of all probes reached a plateau at 8.0 mg ml K1 giving a partition coefficient for lactic acid in the gel of 0.88G0.08; the relative recovery for the probes was 43.0G6%.
In figure 2b , this data was replotted to show the spatial distribution of lactate throughout the gel at different time points in relation to the distance of the probes from the perfusate surface. In a 14.8 mm deep gel, lactate reached diffusion equilibrium across the entire gel within 27 h of the start of perfusion across the surface. Figure 2c shows the apparent diffusion coefficients (D app ) of lactate and glucose in comparison to their diffusion coefficients in aqueous solution (Lide 1995; D free ). This apparent diffusion coefficient takes account of both the solute diffusivity through the gel and the diffusion resistance of the probe. Apparent diffusion coefficients were calculated from the data shown in figure 2a using eight time points ranging from 0.5 to 5 h (figure 2a, filled area). Within this period of time, diffusion could be regarded as semi-infinite and onedimensional as the solute had not reached the far edge of the gel construct. The results show the values of D app were around 40% of the values of D free for both lactate and glucose.
Comparison of measured and predicted concentrations for diffusion into a cell-free alginate gel
Results obtained by measuring changes in concentrations of glucose and lactate with time as these solutes diffused into a bioreactor containing a cell-free alginate gel were compared with those calculated from diffusion theory. Concentrations were measured using a microdialysis probe positioned in the centre of the gel (figure 3). Theoretical curves for diffusion of lactate (figure 3a) and glucose (figure 3b) into the centre of the bioreactor were generated using D app (solid lines). The experimental data were in good agreement with the predicted values.
Monitoring of cell-seeded constructs
Local concentrations of lactate in alginate gels seeded with chondrocytes were monitored using embedded microdialysis probes. Perturbations in perfusate concentrations were introduced to determine if consequent changes in metabolism could be observed. In addition, probes were introduced at different depths within the gel to detect the concentration gradients of nutrients and metabolites which develop as a consequence of the balance between rate of supply and rate of cellular activity (Obradovic et al. 1999; Zhou et al. 2004 ). Figure 4 shows the results of a typical experiment to determine whether the effects of perturbations in glucose concentration in the feed to the bioreactor could be detected. Lactate levels were monitored in a bioreactor seeded with chondrocytes at 13 million cells g K1 gel. Results are shown for a probe positioned at a distance of 2.5 mm from the surface of a gel 5 mm thick. The level of lactate stabilized within 50 h of seeding. The glucose content of the medium supplied to the construct was then reduced from 5 to 1 g l K1 . In response, lactate concentrations in the probe fell and stabilized after about 100 h at 48.0% of the initial level under 5 g l K1 glucose. Osmolarity, shown previously to stimulate lactic acid production rate (Lee et al. 2002) , was then increased from 280 to 340 mOsmol by NaCl addition (Hopewell & Urban 2003) ; this resulted in a 23.4% increase in lactate concentration. The changes in lactate concentration evident in the dialysate could not be detected in the feed perfusate waste (not shown).
Effects of glucose concentration perturbations and changes in osmolarity.
3.3.2. Effect of high cell densities and consequent cell death. Figure 5 represents typical results of monitoring the lactate and glucose levels using two probes in a bioreactor (thickness 13.5G0.1 mm) seeded evenly with a cell concentration of 15 million cells g K1 gel. These conditions were chosen to determine whether we could detect the nutrient deprivation and cell death expected in the centre of a construct of such dimensions and cell density, perfused with standard DMEM (1 g l K1 glucose; Horner & Urban 2001) . One probe was thus positioned near the perfused surface; the second probe was set in the centre of the gel.
The concentration of lactic acid in the centre of the bioreactor was higher than at the edges at all times (figure 5a; p!0.05), as expected in an avascular tissue or construct (Selard et al. 2003) .
Glucose concentrations in the bioreactor were monitored in parallel with lactic acid concentrations (figure 5b). As a consequence of depletion of glucose by the cells, the concentration of glucose in the centre of the bioreactor was close to zero for the initial 4 days of incubation. Lactic acid concentrations in the central probe over this period were correspondingly high, and the HEPES concentration had to be increased to 100 mM to prevent acidification of the construct.
After 4 days incubation, the concentration of glucose in the central area began to rise; this rise coincided with a fall in lactic acid concentration in the same probe (rZK0.74). The concentrations in the central probe finally stabilized but at a lower lactate and higher glucose level than seen during the initial incubation period. No changes in lactate or glucose concentration could be detected in the feed perfusate waste (not shown).
Monitoring for fouling.
In order to assess whether the fall in lactate concentration in the dialysate was due to fouling of the probe, PhR concentrations were also monitored. Phenol Red is used as a pH indicator and is of low MW (354 Da) and can readily penetrate into the probe. The concentration of PhR used as a tracer to assess probe fouling was determined for all probes used during the experiment. A typical curve of PhR concentration in the dialysate is shown in figure 5c . The concentration of PhR was similar in both probes and the decline was less than 2% per 24 h. The fall in lactate concentration in the central probe was thus not due to fouling.
3.3.4. Measurement of viable cell density. After two weeks, the construct was removed from the bioreactor and assessed for cell viability. The cell viability profile after two weeks of culturing is shown in figure 5d . Virtually no live cells were seen in the construct centre, i.e. the region where glucose concentrations had initially fallen to very low values. The viability at the edge of the construct was more than 85%.
DISCUSSION
The results presented here demonstrate that microdialysis provides a non-destructive means of monitoring metabolic changes within cell-seeded three-dimensional constructs cultured in a bioreactor. Microdialysis was able to detect local changes in concentrations of metabolites within the construct (figure 2) and hence revealed differential responses to environmental perturbations (figure 4). Moreover microdialysis provided a non-destructive means of detecting changes in Figure 3 . Comparison of measured and predicted concentrations for lactate and glucose diffusion into an alginate gel. The diffusion of (a) lactate and (b) glucose into an alginate gel in a bioreactor was monitored by a microdialysis probe positioned in the centre of a gel of 20 mm diameter and 4.5 mm thickness. The theoretical curves (solid lines) for diffusion of lactate and glucose in the centre of a bioreactor were generated using D app .
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In this study, we concentrated on monitoring the small molecules glucose and lactic acid as the most direct indicators of chondrocyte energy metabolism. Cartilaginous cells produce ATP primarily by glycolysis and thus produce lactic acid at high rates (Otte 1991; Lee & Urban 1997) . Local lactic acid concentration is thus a rapid and direct indication of the rate of cellular metabolism. By monitoring metabolism within the construct by microdialysis, we were able to show that chondrocytes reacted to a stimulatory signal, namely an increase in osmolarity (Lee et al. 2002; Hopewell & Urban 2003) by increasing metabolic activity, detectable by an elevation of lactic acid concentration (figure 4) in the construct centre. Lactic acid concentrations, however, also regulate extracellular pH (Diamant et al. 1968) , and if metabolic rates are high compared to rates of lactic acid diffusion from the construct-as seen in figure 5 -the centre of the construct can become acidic, with adverse effects on effects on matrix production (Gray et al. 1988; Razaq et al. 2003) and even cell viability (Bibby & Urban 2004) . Figure 5a for instance shows that in circumstances where a high cell density promoted lactic acid production and a large construct size limited diffusional loss, the concentration of lactic acid in the centre of the construct rose to unacceptably high levels during culture. Conversely, the rise of glucose concentration in the centre of the construct after 4 days of incubation, coinciding with a fall in lactic acid concentration, probably represented a decrease in total metabolism in this region following cell death from nutrient deprivation.
Since glucose is the main energy source for chondrocytes, availability of glucose is a necessary condition for cell function. Local monitoring of glucose in a bioreactor can thus indicate whether the cells are supplied with their basic nutritional needs. Here, we showed that from early in the culture period in constructs loaded to a high cell density (figure 5), most of the glucose supplied was consumed by the cells at the edges of the construct and glucose was virtually undetectable at the centre of the bioreactor. After 85 h of culture, as cells in the centre began to die, thus decreasing nutritional demand there, glucose levels in the centre of the construct began to rise. Glucose levels stabilized after 200 h of culture, when demand from the remaining viable cells towards the surface of the construct balanced the amount of glucose supplied in the perfusing medium (Horner & Urban 2001) . Cell death in the centre of the bioreactor was confirmed by a live/dead histological assay at the end of the culture (figure 5d). These tests showed that microdialysis can detect changes in cellular metabolism over hours or days of culture (figures 4 and 5). Monitoring metabolite concentrations in this way would, for instance, allow modification of culture conditions before the construct was irreversibly damaged.
In this study, we have described the use of microdialysis to monitor low MW solutes of metabolic importance, such as lactic acid and glucose. However, microdialysis has the potential for monitoring other . Solutes diffused from both sides of the gel to the gel centre. A probe was introduced at 2.5G0.5 mm distance from the surface of the gel. The medium supplied to the bioreactor contained initially 5 g l K1 glucose and its osmolarity was 280 mOsmol. Within 2 days of the start of culturing, lactate concentrations in the dialysate stabilized. The concentration of the glucose in the medium was then changed to 1 g l K1 and lactate concentrations in the dialysate decreased. After the cell metabolism was stabilized, the osmolarity was increased to 340 mOsmol and changes in cellular metabolism were again detected: lactate concentrations in the probe increased by 23.4%. Dialysate samples were collected from the probe every 30 min during the first hour of the experiment, every 90 min from 2 to 70 h, and every 95 min thereafter. The concentrations of the samples were averaged over 5 h periods. The points on the graph represent the meanGs.d. of 3-5 sample concentrations over 7.5G2.8 h periods. soluble markers of cellular metabolism and turnover. Here, we used a probe of 15 kDa MW cut-off as we were interested in small solutes (less than 200 MW). However, we have shown that microdialysis, using a probe with a higher MW cut-off (100 kDa), can be used to monitor production of soluble proteins by cells in three-dimensional structures in vitro (Miller et al. 2004) , and others have shown that a similar system can be used for measurement of soluble proteins such as collagen pro-peptides or growth factors in tissues in vivo (Langberg et al. 1999; Heinemeier et al. 2003) . Thus, unlike most other methods of non-destructive monitoring such as MRI or optical techniques, microdialysis has the flexibility to monitor a wide variety of chemical species produced by the cells. The limitations arise partly from the sensitivity of the method; as concentrations within the probe are lower than in the interstitial fluid, concentrations of minor species may not be readily detectable. Microdialysis is also unsuitable for detecting rapid transients in rates of metabolism or solute concentrations (Bungay et al. 2001) because of the time interval required for solutes to diffuse through the probe membrane and flow to the point of collection. Nevertheless, microdialysis has been used successfully for measuring relatively rapid responses (minutes) in tissues (Boutelle & Fillenz 1996) . Moreover, since cartilaginous cells can survive for many hours without nutrients (Bibby & Urban 2004) , a relatively slow response time may be adequate for detecting and correcting adverse metabolic changes in cultures of cartilaginous cells.
Probe fouling is a recognized problem in microdialysis (Lindefors et al. 1989; Torto et al. 1997) . It could occur due to blockage of the microdialysis membrane pores by protein deposition during long-term culturing. In short-term experiments (hours), it is usually possible to neglect membrane fouling. Nevertheless, for longterm culturing, when protein deposition could occur, it is necessary to distinguish a decrease of monitored molecules caused by a fall of metabolic cell activity from a decrease caused by fouling. Membrane fouling can be assessed on the basis of the change of probe recovery during the experiment. Phenol Red seems to be a good candidate for monitoring of possible changes in probe recovery, because it is routinely present in DMEM at constant concentration and is not consumed 
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by the cells during the experiment. We could not detect any appreciable fouling during two weeks of construct monitoring. The PhR molecule (MW 354.4 Da) is bigger than glucose (MW 180.2 Da) and lactic acid (MW 90.0 Da), the substances whose concentrations we are primarily interested in. Thus, we could assume that the recoveries for glucose and lactate were constant during the experiment.
The proposed novel application of microdialysis to monitor three-dimensional tissue constructs could be beneficial for manufacturing of tissue grafts for clinical purposes. Microdialysis probes could be introduced into most tissue-engineering scaffolds as stainless steel introducers are commercially available. They can be used for monitoring tissue culture within most types of bioreactors too. Microdialysis probe insertion after gel polymerization or into the cell-seeded scaffolds could cause a local microtrauma, as occurs in tissue (Anderson et al. 1994; Krogstad et al. 1996) . This could possibly have a short-term effect in affecting the measurements. Nevertheless, it was shown that probe insertion did not disturb monitored parameters or cause tissue inflammation (Lonnroth & Smith 1990; Krogstad et al. 1996; Mei et al. 1996) .
The results presented here show that probe measurements can give an early warning of inappropriate local metabolic changes. Changes in local lactate and glucose concentrations, as markers of a decrease in cellular activity, were evident within 24 h. Such information during the growth of tissueengineered constructs would allow either corrective action or else an early end to an unsuccessful test. Although we used 15 kDa MW cut-off probe in this study, microdialysis probes with membranes of pore size ranging from 15 to 3000 kDa MW cut-off are commercially available. Therefore, it is feasible to monitor high MW molecules such as products of matrix protein turnover and growth factors using this technique.
CONCLUSION
The results presented have shown how microdialysis probes can be used to monitor the spatial and temporal distribution of the local environment within threedimensional tissue-engineered constructs. We also developed an in situ calibration technique to identify membrane fouling and probe blocking. Using a chondrocytes-seeded alginate construct as an example, we demonstrated that the spatial distribution and transient behaviour of the nutrients and metabolites within the three-dimensional tissue construct can be successfully monitored, and that fouling of the microdialysis probe is not significant.
The microdialysis system is a powerful, mobile but relatively cheap technique. Using microdialysis membrane probes with different pore size, it should be feasible to monitor a wide range of metabolites and even macromolecules produced by cells in tissue-engineered constructs. Its applications for monitoring tissue culture parameters and tissue formation in other types of engineered tissues and bioreactors should be actively explored.
